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Self-organized quantum wires formed by elongated dislocation-free islands in "In,Ga…AsÕGaAs"100… Long and fairly uniform quantum wire arrays have been fabricated by the growth of ͑In,Ga͒As/ GaAs multilayer structures. The structural properties of the quantum wires are characterized by atomic force microscopy, x-ray diffractometry, and transmission electron microscopy. The lateral carrier confinement in the quantum wires is confirmed by linear polarization dependent photoluminescence ͑PL͒ and magneto-PL measurements. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1352047͔ Quantum dot and wire structures exhibit fascinating optoelectronic properties due to their modified density of states. Their fabrication has always been a challenge for crystal growth technology. Dislocation-free island formation was observed for Ge on Si͑100͒ 1 and highly strained ͑In,Ga͒As on GaAs͑100͒. 2 This coherent Stranski-Kranstanov growth mode has been applied to fabricate quantum dots, which are currently studied intensively. Tersoff and Tromp 3 predicted that elongated island formation, as an approach to the fabrication of quantum wires, is a universal property in strained systems. Their prediction was confirmed in CoSi 2 on Si͑100͒. 4 Elongated island formation has been reported in systems such as for InAs/InP͑100͒ 5 and ͑In,Ga͒As/ GaAs͑100͒ with high In mole fraction. 6 However, for applications in optoelectronic devices, it is crucial to fabricate uniform and long quantum wires.
We report the formation of elongated ͑In,Ga͒As islands on GaAs͑100͒. Growth of ͑In,Ga͒As/GaAs superlattice ͑SL͒ structures makes the islands more ordered and elongated. The structural properties are characterized by atomic force microscopy ͑AFM͒, transmission electron microscopy ͑TEM͒, and double crystal x-ray diffractometry ͑XRD͒. The lateral carrier confinement in the quantum wires is confirmed by linear polarization dependent photoluminescence ͑PL͒ and magneto-PL measurements.
All samples are grown on semi-insulating GaAs͑100͒ substrates with miscut smaller than 0.05°by conventional solid source molecular beam epitaxy. The samples comprises three 15-period ͑In,Ga͒As/GaAs SL structures with In mole fractions of 0.25, 0.17, denoted as SL25, SL17, respectively. The thicknesses of the ͑In,Ga͒As and GaAs layers in the SLs are 1.8 and 19 nm, respectively. The growth rate of GaAs is 0.2350 m/h and the As to Ga flux ratio is about 5. The GaAs buffer layer with thickness of 110 nm is grown at 580°C. After the growth of each ͑In,Ga͒As layer at 540°C, 3 ML of GaAs are deposited at 540°C without growth interruption to suppress the In segregation, then the substrate is heated up to 580°C for GaAs growth. Finally, a 1.8 nm ͑In,Ga͒As top layer is grown for the observation of the surface morphology by AFM. The growth rate and In mole fraction for the three samples are calibrated by x-ray scans around symmetric ͑400͒ and asymmetric ͑422͒ reflections, showing the growth is coherent.
Figures 1͑a͒ and 1͑b͒ depict the AFM images of samples SL25 and SL17, respectively, revealing arrays of laterally periodic wire-like islands oriented along the ͓011͔ direction. Most islands of the two samples are longer than 3 m. The islands in Fig. 1͑a͒ are comprised of dots arranged very closely along the ͓011͔ direction, while those in Fig. 1͑b͒ show a more uniform contrast. Because AFM images only show the topmost layer, we employ double crystal XRD and TEM measurements for samples SL25 and SL17 to get detailed information on the layered structure. XRD of a laterally periodic modulated structure can be regarded as multiple-slit Fraunhofer diffraction. 7, 8 If an asymmetric diffraction is selected, XRD is very sensitive to the laterally periodic modulation due to the enhanced coherence. Figures 2͑a͒ and 2͑b͒ show x-ray rocking curves of the ͑311͒ glancing exit reflection for samples SL25 and SL17. When the x-ray beam is parallel to the ͓011͔ direction, i.e., the wire direction, only the substrate peak appears. On the other hand, for the x-ray beam perpendicular to the wire, three satellite peaks are visible with one of them having the same position as the substrate. This confirms that the laterally periodic modulation exists in the whole epilayer stack. The satellite peaks are due to the interference induced by different slits ͑different gratings͒, therefore, the lateral period can be directly determined from the spacings between the satellites. The obtained values of 145 and 188 nm for samples SL25 and SL17, respectively, imply that the lateral periodicity is related to the In mole fraction. Considering that XRD averages over a relatively large volume, the appearance of the satellites indicates that the lateral periodicity of the two samples is fairly uniform. Figures 3͑a͒ and 3͑b͒ ͓Figs. 3͑c͒ and 3͑d͔͒ show the bright field cross-sectional TEM images taken in the ͓011͔ and the ͓011͔ projections of sample SL17 ͑SL25͒, respectively. The images clearly reveal that the wires are vertically aligned. For sample SL17 ͓Fig. 3͑a͔͒, the lateral periodicity of the wires starting from the first layer is nearly as uniform as that of the other stacked wires. The lateral periodicities of both samples determined by TEM are in agreement with those obtained by XRD and AFM measurements. The TEM image of SL17 taken in the ͓011͔ projection ͓Fig. 3͑b͔͒ shows a uniform SL structure. For sample SL25 ͓Fig. 3͑d͔͒, some nonuniformity occurs, which is probably due to the wiggle of the wire along the ͓011͔ direction. 9 Further TEM investigations were carried out, where the samples were tilted against the ͗011͘ zone axes, i.e., the ͑In,Ga͒As/GaAs interface was inclined to the electron beam, demonstrating the absence of any dislocations from the first layer to the top layer in sample SL17. For sample SL25, no dislocations are detected in the 13 layers from the bottom, however, in some parts of the top three layers, stacking faults are found. These stacking faults may be due to the accumulation of strain in the top layers as compared to the bottom ones.
Island formation is favored at substrate locations where strain induces a local minimum of lattice mismatch. Therefore, the growth of a SL is a good scheme to generate a vertical correlation among islands if the thickness of the spacer layer is selected properly. 10, 11 In Fig. 3͑c͒ , the islands in between the periodic wires in the initial layers are attributed to nucleation sites where the strain field is not at a distinct minimum.
11 Therefore, these intermediate islands disappear upon stacking more layers. The growth of a SL improves the uniformity of the wires and makes the wires much longer.
The question why the islands are elongated can be understood by Tersoff and Tromp's theoretical work. 3 In fact, we have already observed the existence of the shape transition, but a quantitative comparison with the theory is beyond the scope of this letter.
The crucial question whether or not carriers in the wirelike islands exhibit quantum confinement effects is investigated by PL spectroscopy. In Fig. 4 , we show the linear polarization dependent PL spectra measured at 10 K. The polarization anisotropy, defined as (I ʈ ϪI Ќ )/(I ʈ ϩI Ќ ), is 34%, where I ʈ and I Ќ denote the PL intensities with the polarization parallel and perpendicular to the wire direction, respectively. However, the polarization anisotropy measurement itself is not a direct proof of lateral confinement in strained systems because the strain itself can cause a polarization anisotropy by modifying the valence band symmetry. 12 Magneto-PL measurement can distinguish between strain and lateral confinement induced polarization anisotropy. The polarization anisotropy induced by lateral confinement should decrease with decreasing the magnetic confinement length. 13 As shown in the inset in Fig. 4 , with increasing the vertical magnetic field from 0 to 14 T ͑the maximum magnetic field available͒, the polarization anisotropy decreases continuously from 34% to 11%, demonstrating that the polarization anisotropy is dominantly induced by the lateral confinement.
In summary, long and fairly uniform quantum wire arrays have been fabricated. The lateral carrier confinement in this wire structure has been confirmed by linear polarization dependent PL and magneto-PL measurements. Our work may experimentally pave a way to the fabrication of very long and uniform quantum wires. FIG. 4 . Linear polarization dependent PL spectra of sample SL17. The inset displays the PL polarization anisotropy measured under magnetic field. The solid and dotted line are measured for detected polarization parallel and perpendicular to the wire direction, respectively. The peak at 1.490 eV is related to carbon acceptors in the substrate and the peak at 1.510 eV is related to bulk GaAs.
